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Abstract 
Low-concentration CO2 contained in combustion exhaust gas was successfully fixated in cyclic carbonate without 
separation or purification. This allowed the effective recycling of CO2 that would be discharged into the air. A mixed 
gas simulating the composition of combustion exhaust gas was bubbled through a solution containing an epoxy 
compound and a catalyst under atmospheric pressure and at 100°C. CO2-fixated cyclic carbonate was obtained in 
72% GC yield with reference to the epoxy compound. When a dewatered simulant gas was used to carry out the 
reaction under the same conditions, the GC yield of cyclic carbonate improved to 80%. 
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1. Introduction 
Science contributed greatly to the rapid advancement of human activities in the last half of the 20th 
century. However, mass-production and mass-consumption have resulted in the threat of oil resource 
depletion, environmental pollution by chemical compounds, and problems related to the efficient use of 
scarce resources such as rare metals. To solve these global problems and to build a sustainable society, 
companies and governments are actively promoting “green sustainable chemistry” (GSC). Base on the 
concept of GSC, the study of synthetic reactions by environmentally benign molecular transformation has 
become important in synthetic chemistry. The concept of “environmentally benign molecular 
transformation” aims to reduce synthetic reaction waste as much as possible. Such reaction systems 
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require the following elements: (1) catalytic reactions; (2) addition reactions; and (3) non-use of toxic raw 
materials or reagents. 
 Increase in the CO2 content of the air is said to be the cause of global climate change today. With an 
aim to reduce CO2 emissions into the air, researchers are striving to develop methods to physically or 
chemically capture CO2 that has been discharged or contained in exhaust gas to be discharged, and store it 
underground or deep in the ocean [1, 2]. However, to capture CO2 in exhaust gas, it has to be separated 
from other elements using processes like membrane separation [3] or chemical absorption [4]. After 
separation, an enormous amount of energy and cost is required to store the CO2 in the ground or to 
dissolve liquefied CO2 in deep ocean water. Chemical fixation of CO2 in chemical compounds has long 
been studied. In 1968, Inoue et al. first reported that alternating copolymerization reactions of CO2 and 
epoxy compounds produces aliphatic polycarbonate [5]. After that, many researchers studied the effective 
use of CO2, and they successfully fixated CO2 in urea, salicylic acid, carbonate, formic acid, and 
methanol. In addition, it is known that CO2 copolymerizes with cyclic monomers such as oxetane, 
episulfide, and aziridine. However, these processes to fixate CO2 in chemical compounds require high-
purity CO2 (separation and purification of the CO2 being needed), or use high-pressure reactions such as 
those involving supercritical carbon dioxide, or require high reaction temperatures. As a result, these 
conventional CO2 fixation reactions cannot give full play to the effect of reducing environmental loads. 
 We carried out a study of CO2 fixation aiming at effectively using CO2 contained in combustion 
exhaust gas from natural gas power plants or steel mills. For example, combustion exhaust gas from a 
natural gas power plant has a CO2 concentration ranging from 3 to 15%, and contains other gases such as 
nitrogen, oxygen, and water vapor, as well as NOx in ppm. If CO2 from this type of combustion exhaust 
gas can be fixated in chemical compounds under atmospheric pressure and at mild reaction temperatures 
without purification, CO2 can be a promising candidate as a raw chemical material for C1 chemistry, due 
to its nontoxic and noncombustible nature. This paper reports on the study of cyclic carbonate synthesis 
by catalytic addition reaction of an epoxy compound and CO2, and finds that, as a result, cyclic carbonate 
was efficiently synthesized under atmospheric pressure and at a reaction temperature of 100°C, a mild 
reaction condition, without separating or purifying the CO2 in the combustion exhaust gas. Since 
combustion exhaust gas also has exhaust heat capable of providing a reaction temperature of 100°C, an 
excellent environmentally benign CO2 fixation reaction system was established. 
 
2. Experimental Section 
As a model reaction of CO2 fixation in chemical products, we studied the reaction of synthesizing a 
five-membered cyclic carbonate from an epoxy compound and CO2. An epoxy compound and catalyst 
were dissolved into NMP, and CO2 at atmospheric pressure was bubbled through the solution at a reaction 
temperature of 100°C. Figure 1 illustrates the reaction setup.  
 
2.1. Screening catalysts 
 
Sun et al. reported that hydroxy-functionalized ionic liquid is a suitable catalyst for synthesizing cyclic 
carbonate under a pressurized condition [6]. This study investigated whether hydroxy-functionalized ionic 
liquid can be used as a catalyst for synthesizing cyclic carbonate under atmospheric pressure. An ionic 
liquid is an ionic compound consisting of cation-and-anion pairs; there are a variety of ionic compounds 
of different structures with different types of cations and anions. In order to find the cations and anions of 
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ionic liquids that exhibit high catalytic activity for synthesizing CO2-fixated cyclic carbonate, we carried 
out experiments for catalyst optimization. One catalyst each was selected from four types of anions which 
differed in Lewis basicity and from five types of cations which differed in Lewis acidity, in order to 
synthesize different ionic liquids by their known corresponding synthesis methods. Some of the 20 types 
of ionic liquids produced were used as catalysts in Formula (1) to carry out reactions of styrene oxide and 
CO2 under atmospheric pressure (20 mL/min) and compare their yields of cyclic carbonate (with 
reference to styrene oxide). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Experimental reaction setup 
 
O
(1) 
 
2.2. Screening reaction solvents 
 
The ionic liquid that showed the highest catalytic activity in Formula (1) was used as a catalyst to carry 
out experiments for selecting the optimum reaction solvent. CO2 has to be dissolved in the reaction 
solvent in order that the reaction of CO2 and an epoxy compound proceeds efficiently. The Henry 
constant describes the solubility of a gas in a liquid. An organic solvent with a small Henry constant for 
CO2 was used as the reaction solvent. Other than NMP, four types of organic solvents were used: n-butyl 
acetate, tetraethylene glycol dimethyl ether (TEGDME), polyethylene glycol dimethyl ether (PEGDME), 
and 1,3-dimethyl-2-imidazolidinone (DMI). In the same manner as screening catalysts, reactions of 
styrene oxide and CO2 under atmospheric pressure (20 mL/min) were carried out to compare their yields 
of cyclic carbonate (with reference to styrene oxide). 
 
2.3. Study on temperature dependency of CO2 fixation reaction rate 
O
catalyst O
O
+ CO2
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In order to study the reaction temperature dependency of CO2 fixation by reacting an epoxy compound 
and CO2, part of the reaction solvent was sampled at several intervals during the reaction to analyze 
compositions of reaction mixture by gas chromatography (GC). Since the styrene oxide in Formula (1) is 
detected with a retention time about the same as that for the reaction solvent (NMP) in the GC analysis, 
2,3-Epoxypropyl phenyl ether was used as the epoxy compound in Formula (2) to ease the analysis [8]. 
The ionic liquid (2-hydroxyethyltriethyl ammonium bromide) had the highest catalytic activity in the 
reaction of styrene oxide and CO2. Because this ionic liquid was expected to be high in catalytic activity 
for the reaction of 2,3-Epoxypropyl phenyl ether and CO2 too, this catalyst was also used for reactions 
here. Four reaction temperatures were selected: 100°C, 80°C, 60°C, and room temperature (25°C). 10 
mmol of 2,3-Epoxypropyl phenyl ether and 0.20 mmol of ammonium salt-based ionic liquid were 
dissolved into 20 g of NMP, and the solvent was heated up to the specified reaction temperature. After 
that, CO2 under atmospheric pressure (20 mL/min) was bubbled through the solution to carry out the 
reaction. The reaction start time (0 hr) was set to when the bubbling began. 
 
O  
 
 
 
(2) 
 
2.4. Study on dependency of CO2 fixation reaction rate on catalyst amount  
The ionic liquid (2-hydroxyethyltriethyl ammonium bromide) had the highest catalytic activity in the 
reaction of styrene oxide and CO2. Because this ionic liquid was expected to be high in catalytic activity 
for the reaction of 2,3-Epoxypropyl phenyl ether and CO2, this catalyst was used to examine how the 
amount of catalyst relates to the rate of reaction. The amount of catalyst was increased from 0.20 mmol to 
1.0 mmol. Other conditions were the same as those for the reactions to study temperature dependency. 
 
2.5. Study on dependency of CO2 fixation reaction rate on CO2 concentration 
 
In order that combustion exhaust gas can be used for CO2 fixation reactions without separation or 
purification, a mixed gas of a low CO2 concentration has to react under atmospheric pressure and at a 
reaction temperature of 100°C to synthesize cyclic carbonate. Mixed gases (nitrogen balance) with CO2 
concentrations of 20% and 3% were used to carry out CO2 fixation reactions. In order to confirm that the 
CO2 was incorporated into the cyclic carbonate, the reaction experiment used nitrogen gas only. The 
reaction conditions were the same as those for the reactions for verifying temperature dependency, except 
that the CO2 concentrations were lower. 
 
2.6. CO2 fixation reactions using a mixed gas that simulates combustion exhaust gas composition 
O
O
catalyst
+ CO2 O O
O
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CO2 in a mixed gas (defined as a simulant gas) that simulates the composition of combustion exhaust 
gas from natural gas power plants was examined to determine if it can be effectively used for CO2 
fixation reactions. Combustion exhaust gases from natural gas power plants have a CO2 concentration 
ranging from 3 to 15%, and contain other gases such as nitrogen, oxygen, and water vapor, as well as 
NOX in ppm. The CO2 concentration in the simulant gas was selected in the minimum range (3.3%) of 
combustion exhaust gas, a value that makes CO2 fixation most difficult. The reaction conditions were the 
same as those for the reactions for studying temperature dependency, except that simulant gas was used. 
In order to evaluate how water vapor contained in the simulant gas affects the CO2 fixation reactions, the 
simulant gas was passed through a column filled with sieve 3A before being used for the CO2 fixation 
experiment. 
2.7. Identification of by-products in reactions using simulant gas 
 
When the reaction of an epoxy compound and CO2 was carried out using a simulant gas containing 
water vapor, by-products were generated. These by-products were separated by silica-gel chromatography 
and their structures were identified by NMR and GC-MS analyses. 
 
3. Experimental Results and Discussion 
3.1. Screening catalysts 
 
Ten mmol of styrene oxide and 0.10 mmol (1 mol%) of ion liquid as a catalyst were dissolved in 10 g 
of NMP, and CO2 under atmospheric pressure was bubbled through the solution at 100°C for 17 hours. 
Each yield (with reference to styrene oxide) of cyclic carbonate (4-phenyl-1,3-dioxolan-2-one) for each 
ion liquid was evaluated in comparison with each other. Small amounts of catalyst were used to obtain 
distinct differences in catalytic activity. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Relationship between Lewis basicity of anions in ion liquids and reaction yields (left) 
Figure 3 Relationship between Lewis acidity of cations in ion liquids and reaction yields (right) 
 
Figure 2 shows yields of cyclic carbonate obtained when a series of pyrrolidinium salts with anions 
different in Lewis basicity was used as catalysts. Catalysts with anions stronger in Lewis basicity resulted 
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in higher yields of cyclic carbonate. This suggests that anion basicity affects CO2 fixation reaction 
processes and the reaction mechanism includes nucleophilic reactions of anions from catalysts. 
Figure 3 shows the results when a series of ion liquids with cations different in Lewis acidity and with 
bromine ions as anions were used as catalysts. No clear relationship between the Lewis acidities of 
cations and yields was found. As a result, for CO2-fixation cyclic carbonate synthesis reactions, 2-
hydroxyethyltriethyl ammonium bromide is the most effective ionic liquid in terms of catalytic activity. 
 
3.2. Screening reaction solvents 
 
Table 1 shows the yields of cyclic carbonate (4-phenyl-1,3-dioxolan-2-one) (with reference to  styrene 
oxide) when 10 mmol of styrene oxide and 0.1 mmol of catalyst (2-hydroxyethyltriethyl ammonium 
bromide) were dissolved in 10 g of various types of solvents and CO2 under atmospheric pressure was 
bubbled through the solution at 100°C for 17 hours. When NMP (N-methyl-2-pyrrolidone) [9] with a 
Henry constant of 6.94 was used as the reaction solvent, the catalyst was dissolved completely in the 
reaction and the yield of cyclic carbonate was 58%. DMI, which is high in polarity like NMP, also 
dissolves catalysts well, and when DMI was used, a yield very similar to that for NMP was obtained. For 
TEGDME and PEGDME [10], which have lower Henry constants than NMP and cannot dissolve 
catalysts completely, the yields of cyclic carbonate were low. Since n-propyl acetate (b.p.: 102°C) has a 
Henry constant of 3.05 [9], n-butyl acetate, which has a slightly higher boiling point (125°C), was used to 
carry out CO2 fixation reactions. However, because catalysts are hardly dissolved in n-butyl acetate, only 
a little amount of cyclic carbonate was obtained. As a result, NMP was concluded to be the most efficient 
reaction solvent among those examined. 
 
3.3. Study on temperature dependency of CO2 fixation reaction rate 
 
In order to study the temperature dependency of CO2 fixation reaction rate, 10 mmol of 2,3-
Epoxypropyl phenyl ether and 0.20 mmol of catalyst were dissolved in 20 g of NMP, and the solution 
was heated to a specific temperature before CO2 under atmospheric pressure (20 mL/min) was bubbled 
through the solution. Figure 4 shows the change in yields of cyclic carbonate over time, for reaction 
temperatures of 100°C, 80°C, 60°C, and room temperature (25°C). The GC analysis detected nothing 
other than the produced cyclic carbonate, unreacted epoxy compound, and the reaction solvent. In other 
words, almost all the converted epoxy compound was used to produce cyclic carbonate, which means this 
is a highly selective reaction. 
 
Table 1 Relationship between reaction solvent and yield 
Reaction solvent Henry constant 
(CO2 at 25°C) 
GC yield of cyclic 
carbonate (%) 
Catalyst solubility 
NMP 6.94 58 Completely dissolved 
DMI Unknown 56 Completely dissolved 
TEGDME 3 13 Moderately dissolved 
PEGDME 3.2 14 Moderately dissolved 
n-butyl acetate Unknown 1 Hardly dissolved 
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Figure 4 Change in yield of cyclic carbonate over time for various reaction temperatures 
 
Let [EPE]0 be the initial concentration of 2,3-Epoxypropyl phenyl ether (EPE), and [EPE] be the EPE 
concentration at a certain reaction time, so that the rate of unreacted EPE at a certain reaction time is 
expressed as [EPE] / [EPE]0. Figure 5 shows a graph of the logarithm of [EPE] / [EPE]0 versus reaction 
time. This shows that, for all the reaction temperatures, ln([EPE] / [EPE]0) decreases almost linearly with 
respect to reaction time (t). The following equation is given: 
 
ln([EPE] / [EPE]0) = kt                                                                                                     (3) 
 
where k is the reaction rate constant. 
Differentiating Equation (3) with respect to time (t) gives: 
 
[EPE] k   [EPE]
dt
d
−= (4) 
 
Equation (4) shows that the decrease rate of epoxy compound concentration depends on the unreacted 
epoxy compound concentration only. This means that the CO2 fixation reaction behaves as if it were a 
first order with respect to EPE when a large excess of CO2 is supplied to the reaction system. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Temperature dependency of CO2 fixation reaction rate 
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Next, the reaction rate constant k for each reaction temperature was calculated from the gradient of 
each straight line in Figure 5, and a graph of the logarithm of k versus the inverse of the reaction 
temperature is shown in Figure 6. This shows a clearly linear relationship. The Arrhenius equation (5) is 
typically written as follows:  
 
k = A exp( Ea/RT)                                                                                                                               (5) 
 
where Ea is the activation energy and A is the frequency factor. From Equation (5), the activation 
energy of the reaction is 78 kJ mol 1. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Arrhenius plot of reaction rate constant k 
 
3.4. Study on dependency of CO2 fixation reaction rate on catalyst amount  
In order to study the dependency of the CO2 fixation reaction rate on the catalyst amount, 10 mmol of 
2,3-Epoxypropyl phenyl ether and 0.20 or 1.0 mmol of catalyst were dissolved in 20 g of NMP, and the 
solution was heated to 60°C before CO2 under atmospheric pressure (20 mL/min) was bubbled through it. 
Figure 7 shows the results when the amount of catalyst is increased five-fold. Increasing the amount of 
catalyst five-fold also increased the reaction rate five-fold. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 Dependency of CO2 fixation reaction rate on catalyst amount and CO2 concentration 
 
3.5. Study on dependency of CO2 fixation reaction rate on CO2 concentration 
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Keeping the bubbling gas flow at 20 mL/min, the CO2 concentration in the gas that was bubbled 
through the reaction solution was decreased from 100% to 20%, but the reaction rate hardly changed 
(Figure 7). However, when the CO2 concentration was decreased to 3%, the rate of production of cyclic 
carbonate decreased and GC yield of cyclic carbonate was 64% at a reaction time of 22 hours (GC yield 
was 97% for a CO2 concentration of 20%). These data show that the reaction rate is constant independent 
of CO2 concentration when a large excess of CO2 is supplied per unit time, but when the CO2 supply is 
decreased, the reaction slows down. In other words, it suggests that the CO2 supply affects the rate-
determining process of catalytic reaction. Also, aiming to confirm that CO2 had been fixated into cyclic 
carbonate, a similar reaction experiment was carried out by bubbling 100% nitrogen gas. The GC analysis 
of the reaction mixture did not detect cyclic carbonate, and 2,3-Epoxypropyl phenyl ether was recovered, 
all unreacted. This confirmed that the CO2 that had been bubbled through the reaction solution was 
fixated as an organic substance in cyclic carbonate. 
 
3.6. CO2 fixation reactions using a mixed gas that simulates combustion exhaust gas composition 
 
Figure 8 shows CG yields of cyclic carbonate when a simulant gas was used. Figure 8 also includes 
CG yields of cyclic carbonate when water vapor was removed from the simulant gas. When a simulant 
gas was used, at a reaction time of 45 hours, 89% of 2,3-Epoxypropyl phenyl ether was converted to 
produce cyclic carbonate in 72% yield with reference to epoxy compound, while three types of by-
products also formed at 17%. In other words, CO2 with a concentration as low as 3% was fixated in cyclic 
carbonate under mild reaction conditions at atmospheric pressure and 100°C without separating or 
purifying CO2 in the simulant gas. Moreover, using a simple method of making a simulant gas in touch 
with molecular sieve 3A improved the yield of cyclic carbonate to 80% (where 90% of epoxy compound 
was converted). As the result, by-products were suppressed (40% reduction) to 10% from 17%. Thus, 
low-concentration CO2 in combustion exhaust gas was effectively fixated chemically under atmospheric 
pressure and at 100°C. To the best of our knowledge, this type of environmentally benign synthesis of 
cyclic carbonate has not been reported before now. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 Change with time in CO2 fixation reaction using simulant gas 
 
3.7. Identification of by-products in reactions using simulant gas 
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When a mixed gas (nitrogen balance) with a CO2 concentration of 3% was used for a CO2 fixation 
reaction, very few by-products were produced, while using a simulant gas containing water vapor caused 
the generation of three types of by-products. To clarify the reaction mechanism of CO2 fixation, we 
isolated the by-products from a CO2 fixation reaction to identify their structures. When 2,3-Epoxypropyl 
phenyl ether was used as an epoxy compound, the epoxy compound was decomposed by hydrolysis, and 
2-hydroxy-3-phenoxy-1-propanol (4) and 1-bromo-3-phenoxy-2-propanol (3) began to be produced as 
by-products six hours after the start of the reaction. After that, 2-hydroxy-3-phenoxy-1-propanol and the 
epoxy compound, which is the raw material, reacted to produce the dimers (5) formed by the ring-
opening of the epoxy compounds. 
 
3.8. Reaction mechanism of CO2 fixation  
Figure 9 shows a plausible mechanism for the reaction of epoxy compound 1 (2,3-Epoxypropyl phenyl 
ether) and CO2 that produces cyclic carbonate 2 (4-(phenoxymethyl)-1,3-dioxolan-2-one). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9 Plausible reaction mechanism 
 
A reaction mechanism has been proposed for the synthesis of cyclic carbonate using a hydroxy-
functionalized ionic liquid as a catalyst [6]. Similarly, in the catalytic reaction system of this study, a 
hydroxyl group of the catalyst ionic liquid (2-hydroxyethyltriethyl ammonium bromide) formed a 
hydrogen bond with epoxy compound 1 to activate an oxirane (step 1). Next, it is likely that a bromide 
anion of a quaternary ammonium salt made a nucleophilic attack on an oxirane carbon to open the oxirane, 
and an intermediate A is produced (step 2). When a large excess of CO2 was supplied (CO2 concentration: 
5–100%), CO2 was preferentially added to intermediate A to produce alkylcarbonate anion intermediate B 
(step 3). An intramolecular nucleophilic substitution reaction then eliminated the bromide anion to 
produce cyclic carbonate 2, and simultaneously the catalyst regenerated (step 4). Meanwhile, when there 
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was a shortage of CO2 supply (CO2 concentration: 3%), intermediate A reacted with water (water 
inherently contained in NMP and water vapor in the simulant gas) to produce 1-bromo-3-phenoxy-2-
propanol 3, which was actually separated, and 2-hydroxyethyltriethyl ammonium hydroxide was probably 
also produced. As in step 1, it is likely that the 2-hydroxyethyltriethyl ammonium hydroxide formed a 
hydrogen bond with epoxy compound 1, and then a hydroxide anion opened an oxirane to produce 
intermediate C. After that, intermediate C decomposed by hydrolysis to produce 2-hydroxy-3-phenoxy-1-
propanol 4, while simultaneously 2-hydroxyethyltriethyl ammonium hydroxide regenerated to 
catalytically produce by-product 4. Although intermediate C and CO2 reacted to produce alkylcarbonate 
anion intermediate D, cyclic carbonate was not produced because D did not make an intramolecular 
nucleophilic substitution reaction. 
The paragraphs below explain the catalyst screening and the dependency of reaction rate on 
temperature or CO2 concentration, as well as the improvement of cyclic carbonate yields by removing 
water vapor in the simulant gas. 
 The fact that ion liquids with anions stronger in Lewis basicity were higher in catalytic activity is 
probably because oxiranes became more likely to be opened by anions in step 2. 
 When a large excess of CO2 was supplied, a first order rate constant was exhibited. This indicates that 
the rate-determining process in the catalytic reaction was step 2 or step 4. Also, the fact that decreasing 
the CO2 supply caused generation of by-products indicates that many catalytic active species remained in 
the state of intermediate A, and that the rate-determining process probably shifted to step 3. 
 When water vapor was not removed from the simulant gas, an analysis showed that the amount of water 
contained in the reaction solution was higher compared to when a dry simulant gas was used. Removing 
water vapor from the simulant gas caused improvement in yields of cyclic carbonate. This is probably 
because the decrease in the absolute amount of water contained in the reaction solution caused the 
reaction of intermediate A and water and the hydrolysis of intermediate C to slow down. 
 
4. Conclusion 
 
This study carried out reactions of an epoxy compound and CO2 in a simulant gas that simulated the 
composition of combustion exhaust gas from natural gas power plants or steel mills under atmospheric 
pressure and at 100°C without separating or purifying the CO2 in the simulant gas. As a result, CO2-
fixated cyclic carbonate was synthesized at 72% GC yield with reference to the epoxy compound. 
This newly-developed synthesis method for CO2-fixated cyclic carbonate has the following features: 
 Low-concentration CO2 contained in exhaust gas can be fixated without separation and purification. In 
other words, exhaust gas can be used without modification. 
 The CO2 contained in exhaust gas can be fixated in an organic compound (cyclic carbonate), not in an 
inorganic compound. 
 Exhaust gas can be used under atmospheric pressure to fixate CO2 (no need for high pressure). 
 CO2 can be fixated under a mild reaction temperature (no need for high temperature). 
 This method uses a reaction system of catalytic addition reaction that is an environmentally benign 
molecular transformation involving non-toxic compounds only. 
In conclusion, we have developed a new technique for effectively using the low-concentration CO2 
contained in combustion exhaust gas as a promising chemical raw material for C1 chemistry. 
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